Rheumatoid arthritis (RA) remains a significant unmet medical need despite significant therapeutic advances. The pathogenesis of RA is complex and includes many cell types, including T cells, B cells, and macrophages. Fibroblast-like synoviocytes (FLS) in the synovial intimal lining also play a key role by producing cytokines that perpetuate inflammation and proteases that contribute to cartilage destruction. Rheumatoid FLS develop a unique aggressive phenotype that increases invasiveness into the extracellular matrix and further exacerbates joint damage. Recent advances in understanding the biology of FLS, including their regulation regulate innate immune responses and activation of intracellular signaling mechanisms that control their behavior, provide novel insights into disease mechanisms. New agents that target FLS could potentially complement the current therapies without major deleterious effect on adaptive immune responses.
Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune joint disease that affects approximately 1% of the population. The disease characteristically involves the small joints of the hands and feet, although the larger joint inflammation is also frequent. In addition to disability and decreased quality of life, RA decreases life expectancy, most commonly from accelerated atherosclerosis (1) . The precise etiology of RA is not known, but genetic and environmental influences clearly participate. Dysregulated adaptive immunity can precede the clinical manifestation joint disease for many years, and it is likely that repeated activation of innate immunity can contribute to a breakdown of tolerance. RA is a heterogeneous disease, varying from slowly progressive symptoms or waxing and waning symptoms to severely destructive unrelenting disease associated with nodules and systemic inflammation.
The introduction of novel biological therapies in the mid-1990s markedly improved clinical outcomes in RA. Cytokine antagonists, such as biologic agents that inhibit TNF, IL-6, or IL-1, decrease inflammation and joint destruction but impressive efficacy is only seen in about half of patients. Similarly, B cell depletion and T cell co-stimulation blockers are beneficial in non-or partially overlapping subsets of patients. These data suggest that the genetic background and the environmental stimuli that help initiate disease determine whether a particular patient has TNF-dependent, B cell-dependent, or T cell-dependent disease. Other subsets undoubtedly exist and await the development of therapies that target other pathways or cell lineages, such as macrophages or dendritic cells (2) .
Of the potential cellular participants in RA, synovial lining fibroblasts [also called fibroblast-like synoviocytes (FLS)] contribute to the local production of cytokines, small molecule mediators of inflammation, and proteolytic enzymes that degrade the extracellular matrix. Our understanding of FLS biology has provided significant insights into the pathogenesis of RA, including novel ideas related to an unusual aggressive phenotype that results from exposure to the toxic rheumatoid synovial environment. Targeting FLS might improve clinical outcomes in inflammatory arthritis without suppressing systemic immunity.
Normal synovium
The architecture of diarthrodial joints provides the infrastructure that supports mobility. The segmental nature of the skeleton in combination with low friction cartilage surfaces allows movement and flexibility. The synovium encapsulates the joints and serves its function by providing structural support (with a fibrous capsule), lubricates the surfaces, and provides nutrients to the cartilage. The joint lining is normally is a delicate membrane that divided into two anatomical and functional compartments: the intimal lining layer and the sublining layer. The former is the superficial layer of that is in contact with the intra-articular cavity and produces lubricious synovial fluid. Normally, it is two to three cells deep and is composed of two cell types in relatively equal proportions: Type A or macrophage-like synovial cells and Type B or fibroblasts like synoviocytes. The synovial lining lacks epithelial cells, a basement membrane, tight junctions or desmosomes. Instead, it is a loose association cells in a bed of extracellular matrix interspersed with collagen fibrils and other matrix proteins. The porous organization of the synovial lining allows diffusion of the nutrients in serum to the avascular cartilage. This architecture probably contributes to the accumulation of immune complexes, bacterial cell walls, and other phlogistic material in the joint (3).
Type A, macrophage-like synovial cells in the intimal lining express markers of hematopoietic origin most consistent with the monocyte-macrophage lineage and are derived from the bone marrow (4) . They migrate to the synovium and become resident cells, although it is not certain if differentiation occurs in situ or prior to arrival. Their phenotype is similar to other tissue resident macrophage populations, including CD11b, CD68, CD14, CD163, class II major histocompatability antigens, and Fc R . Electron microscopy documented presence of vacuoles suggesting phagocytic activity. Like other tissue macrophages, Type A cells are terminally differentiated with little capacity to proliferate (Table 1) .
Type B synoviocytes, or FLS, are mesenchymal cells that display many characteristics of fibroblasts, including expression of type IV and V collagens, vimentin, and CD90 (Thy-1). In addition, the type B cells have some unique properties in situ that distinguishes them from many other fibroblast lineages, including sublining resident fibroblasts (5, 6) . For instance, cadherin-11 is a specific adhesion molecule that plays a key role in homotypic aggregation of FLS in vitro and in vivo (7) . Cadherin-11 deficient mice develop normally but lack a defined synovial intimal lining in diarthrodial joints. As will be described in more detail below, these mice are relatively resistant to joint inflammation and destruction in arthritis models (8) . Uridine diphosphoglucose dehydrogenase (UDPGD) is preferentially expressed by the intimal lining fibroblasts and reflects ability to synthesize hyaluronan, an important constituent of synovial fluid and extracellular matrix (ECM) (5) . Intimal lining fibroblasts also secrete lubricin, another critical protein for joint lubrication. Vascular adhesion molecule 1 (VCAM-1), which normally mediates adhesion of leukocytes to vascular endothelium, is also expressed on synoviocytes but is only rarely observed on non-intimal lining mesenchymal cells. Its role in the tissue is uncertain, but could participate by binding mononuclear cells in the tissue or anchoring FLS to alternatively spliced fibronectin in the matrix. Integrins, such as alpha4/beta1, and integrin receptors, like intercellular adhesion molecule 1 (ICAM-1), are also expressed by type B synoviocytes, as is CD55 (decay accelerating factor). The latter is often used to identify type B cells in the intimal lining using immunohistochemistry (6, 9, 10) (Table 1) .
Rheumatoid arthritis synovium
RA is a chronic immune-mediated disease marked by inflammation in the lining of the joint (i.e. the synovium) and destruction of cartilage and bone. The synovium in RA transforms from a quiescent relatively acellular structure to a hyperplastic, invasive tissue teeming with immunocompetent cells (Fig. 1) . Synovial tissue has two layers, i.e. the intimal lining and the sublining, both of which undergo major changes in RA. In the sublining region, T lymphocytes constitute 30-50% of all cell types and majority is CD4 + CD45RO + memory cells. A smaller number of CD8 + T cells are scattered in the synovium. Lymphoid aggregates organized around follicular dendritic cells are seen in 15-20% of patients (6, 11) . About 5% of sublining synovial cells are B lymphocytes, and their clonal expansion in the joint suggests antigen-driven maturation. Local autoantibody production occurs in many patients, including rheumatoid factors, anti-citrullinated peptide antibodies, and anticollagen antibodies. Surprisingly, neutrophils are rare in the rheumatoid synovium even though they are abundant in synovial effusions. Blood vessel proliferation is common because of the influence of angiogenesis factors in the inflamed, hypoxic environment. All of these histologic changes are evident very early in RA and can be observed within days to weeks after the onset of symptoms. Based on animal model studies, it is likely that subclinical synovial inflammation occurs even before patients develop pain in the affected joint.
The intimal lining of the synovium also displays remarkable changes in RA, with a marked increase in cellularity. The lining expands from 1-2 cells deep to a depth of up to 10-20 cells. Hypercellularity is due to an increase in both cell types present in this structure, namely type A macropahge-like cells and type B fibroblast-like cells (6) . While studies vary considerably, many suggest that Type A cells predominate in RA because of migration of new cells from the bone marrow via the circulation. The macrophage-like cells display a highly activated phenotype and produce panoply of pro-inflammatory cytokines, chemokines, and growth factors. These products can activate local fibroblast-like synoviocytes (FLS) in the lining and induce the type B cells to produce their own array of mediators, especially IL-6, prostanoids, and matrix metallo-proteinases (MMPs). This process establishes a paracrine/autocrine network that can perpetuate synovitis, recruit new cells to the joint, and contribute to destruction of the extracellular matrix. Expansive synovial tissue called 'pannus' at the cartilage-bone interface cloaks the cartilage and erodes into bone. The pannus behaves like a locally invasive tumor; it is composed of macrophages, osteoclasts, and invasive FLS with relatively few lymphocytes.
The division of labor for destructive work of the synovium is now well delineated. Osteoclasts, which mature and are activated by macrophage colony stimulating factor (M-CSF), TNF, receptor activator of NF B (RANKL) and other factors in the joint, erode into bone. FLS, on the other hand, are the primary effectors of cartilage destruction because of their unique invasive properties and the production of prodigious amount of proteases (6, 12) . The concept that the cartilage and support structures of the joint are destroyed by FLS is supported by data in cadherin-11 knockout mice, which develop normally but lack an intimal lining. These synoviocyte-deficient mice are protected from arthritis-induced cartilage damage even though inflammation and bone damage progresses unabated (8) .
Fibroblast-like synoviocytes and intimal lining hyperplasia

Origin of synoviocytes
The mechanisms of FLS accumulation in the intimal lining differ from the macrophage-like cells. The origin of the expanding synoviocyte population is uncertain, but could be due to migration of mesenchymal stem cells from the circulation or expansion of a stem cell pool in the synovium. FLS precursors could also migrate to the synovium through pores in cortical bone, as has been demonstrated in mice with collagen-induced arthritis (13) . However, growth of the FLS population in RA is more likely because of an imbalance between cell proliferation, survival, and death. By and large, synovial intimal lining cell proliferation is difficult to demonstrate in RA. Limited numbers of mitotic figures or cells expressing cell cycle markers like Ki67 or proliferating cell nuclear antigen suggest that FLS DNA synthesis is not a major influence (6, 12) .
Apoptosis in the synovial intimal lining
Instead, the synovial environment in RA promotes survival of FLS and discourages their deletion through apoptosis. Even though proliferation is difficult to demonstrate, completed apoptosis is extremely rare in the intimal lining. This interesting phenomenon occurs even though the rheumatoid synovium is highly genotoxic, with abundant reactive nitrogen and oxygen and cellular stress that normally kills cells. DNA strand breaks in the lining are plentiful, but this unexpectedly does not lead to removal of the damage synoviocytes as judged by TUNEL assays, histomorphometry, or electron microscopy (14, 15) . Thus, considerable effort has been expended assessing potential mechanisms that protect RA synoviocytes from apoptosis in vivo.
Various studies have evaluated the relative expression of Bcl-2 family proteins in RA. The ratio of these anti-and pro-apoptotic molecules constitutes a rheostat that sets the threshold for susceptibility to programmed cell death in the intrinsic apoptosis pathway. Immunohistochemical analysis reveals modestly increased expression of anti-apoptotic proteins Bcl-2 and Mcl-1 (Bcl-2 family member) in RA synovium compared with OA. In some cases, Bcl-2 expression is concentrated in the lymphoid aggregates suggesting that it might protect synovial T and B cells but not intimal lining synoviocytes (16, 17) . The apoptotic Bcl-2 family member Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) is also widely expressed in RA synovium and OA synovium with minimal expression in normal tissue (18) .
The extrinsic pathway of apoptosis is activated by ligand-bound death receptors, including tumor necrosis factor receptor 1(TNF-R1), Fas/CD95 and TNF-related apoptosis-inducingligand receptor (TRAIL-R1 and -R2). Fas is especially noteworthy and is expressed in the synovial lining. However, as will be discussed below, engaging this molecule by Fas ligand (FasL) on synoviocytes only kills a small percentage of cells (19) . Several influences, on the other hand, protect FLS from apoptosis. For instance, NF-B, which is highly activated in RA and lining cells, provides a strong pro-survival signal and provides a link between inflammation and decreased apoptosis (20) . Post-translational modification of signaling molecules involved in apoptosis by sentrin-1 through sumoylation also protects synoviocytes. Sentrin-1 expression is quite high in the rheumatoid intimal lining, especially at sites of cartilage invasion (21) . Expression of phosphatase and tensin homolog (PTEN), a well characterized tumor suppressor gene that dephosphorylates phosphatidylinositide 3-kinase (PI3K) substrates, is very low in the synovial intima. The relative absence of PTEN leads ultimately to higher Akt phosphorylation and NF-B activation, thereby favoring cell survival (22) .
Of the tumor suppressor genes implicated in RA, the p53 tumor suppressor is especially important. This protein, sometimes called 'the guardian of the genome', is induced by cell damage, thereby leading to cell cycle arrest through p21 and subsequent repair. If the damage is substantial, p53 directs cells toward apoptosis via genes like p53-upregulated modulator of apoptosis (PUMA) and NOXA. p53 expression is elevated in the rheumatoid intimal lining, perhaps as a response to DNA strand breaks in a genotoxic environment (23, 24) (Fig. 2) . The relative lack of apoptosis despite p53 induction led to the discovery of somatic mutations in the p53 gene in RA synovium (25) . Microdissection studies showed that the mutations are primarily located in the intimal lining (26) . The mutations are functionally relevant as demonstrated by their dominant negative activity in cell transfection experiments and the fact that the same mutations are present in many tumors (27) . Therefore, the lack of functional p53 in intimal lining synoviocytes in situ eliminates a key regulatory step that impairs cell survival. As will be discussed below, the relatively inability of wildtype p53 to induce PUMA in synoviocytes also contributes to cell survival, providing another explanation for the lack of p53-induced FLS apoptosis. Some abnormalities in DNA mismatch repair enzyme expression contribute to the accumulation of mutations (28) .
Cultured fibroblast-like synoviocytes
FLS can be isolated from synovial tissue and grown in culture for prolonged periods of time. These cells, which are presumably derived from the intimal lining, serve as a useful tool for understanding the pathogenesis of RA and evaluating novel therapeutic targets. Enzymatic dispersion of synovial tissue yields a single cell suspension, and the cells are allowed to adhere to tissue culture dishes. The non-adherent cells are removed, leaving a mixture of two major cell populations that resemble the main cell populations found in the synovial lining. One cell type is macrophage-like, is phagocytic, and expresses DR antigens, Fc receptors and monocyte/macrophage markers CD14 and CD68. The second cell type is defined by the absence of phagocytic capability and macrophages markers and presence of antigens generally expressed by fibroblast (e.g. vimentin). The synovial macrophages are terminally differentiated with limited life span in vitro that rarely survive more than few weeks in culture. After three to four passages the proliferating FLS are the dominant cell type, resulting in a relatively homogenous population. These cells can be maintained for several months in vitro, with a doubling time of 5-7 days. After about 10-12 passages they senesce and proliferation gradually declines (29) .
Origin of cultured FLS
The precise origin of FLS that overgrow synovial cell cultures is not certain, as they could potentially arise from the synovial lining, sublining or from other support structures of the joint included in the original sample. A significant percentage of the cultured fibroblasts express VCAM-1, CD55 and uridine diphosphoglucose dehydrogenase suggests that most of cells are derived from the intimal lining. In addition to traditional markers, cadherin-11 was identified as a relatively unique surface marker mainly present on intimal FLS (30) . This adhesion molecule was identified as the major protein involved in homoaggregation of synoviocytes in vitro and in vivo. Moreover, caderin-11 can help recreate synovial architecture in vitro using artificial matrices to recapitulate a synovial intimal lining. After 3 weeks in 'micromass' cultures, FLS migrate to the surface and form a lining-layer-like structure at the interface between the matrix and fluid phase (Fig. 3) . The structure resembles in vivo synovial lining, suggesting that FLS have intrinsically is capable to establish synovial architecture. This phenomenon is abrogated by specific antibodies and cadher-in-11 fusion proteins (31) .
Phenotype of FLS
FLS in cultures under light microscopy appear elongated, sometimes oval or polygonal with few branched cytoplasmic processes. When viewed by electron microscopy, FLS contain abundant rough endoplasmic reticulum and evidence of active secretory machinery. Cultured synovial fibroblasts spontaneously produce proteoglycans, cytokines, growth factors, MMPs, prostaglandins and other small molecule mediators during the first few weeks in culture. Production gradually decreases and FLS become fairly quiescent by the third passage. The RA phenotype can be restored by exposure to cytokines like IL-1 and TNF. Even long-term cultured FLS constitutively secrete some cytokines and growth factors, including IL-6, TGF , fibroblast growth factor without any additional stimuli. Adhesion molecules, including VCAM-1, ICAM-1 and integrins, are also constitutively expressed and display can be further enhanced by cytokines. IL-1, TNF, IFN , and IL-4 are the most potent stimuli for adhesion molecule induction (5, 6, 29) .
FLS derived from RA synovium exhibit unique features with aggressive, invasive properties. They can grow under some anchorage free conditions and can escape contact inhibition like transformed cells (32) . Unlike FLS from healthy individuals or patients with osteoarthritis, RA synoviocytes co-implanted with human cartilage into severe combined immune deficient (SCID) mice spontaneously invade and destroy the human cartilage (33) . In terms of cell survival and growth RA synoviocytes appear more resistant than osteoarthritis FLS to apoptosis although their proliferation rates appear similar.
Aggressive phenotype of RA FLS
Rheumatoid synoviocytes display certain unique features that are reminiscent of transformed cells. Among these characteristics, the cells have inherent invasive qualities not observed in other fibroblasts. Initial descriptions of a tumor-like phenotype were made by Fassbender in the early 1980s, who noted the distinctive morphological features of RA FLS such as: abundant cytoplasm, large pale nuclei with several prominent nucleoli and a dense, rough endoplasmatic reticulum. He hypothesized that intimal fibroblast are able to invade articular cartilage even in the absence of immune cells due to these unusual properties (34) . In vitro studies also suggest unusually aggressive behavior. However, it was not clear whether these features are inherent in RA FLS (transformed aggressors) or are somehow imprinted due to exposure to cytokines in the rheumatoid milieu in vivo (passive responders).
Cartilage implant model in SCID mice
The strongest evidence that the aggressive phenotype is not merely transient response to the environment comes from studies done in a SCID mouse model. As noted above, cultured human FLS devoid of other cell lineages after several passages were co-implanted with freshly isolated human cartilage into a SCID mouse under the renal capsule. RA FLS but not osteoarthritis (OA) or normal FLS (or dermal fibroblasts) adhere to and invade into the implanted cartilage after 2 months. The invading cells express several adhesion molecules, such as VCAM-1 and various integrins that facilitate attachment to cartilage and induce production of proteases that digest the extra-cellular matrix. The invading synoviocytes also influence adjacent chondrocytes in the implant to produce enzymes that degrade the local extracellular matrix (33) . Thus, FLS are permanently altered and can orchestrate local destruction of the cartilage.
These observations lead to several studies to signaling pathways and the role of individual proteins responsible for the invasive properties. Using viral gene transfer, cultured RA FLS were transduced with a dominant negative mutant of c-raf to interfere with Ras-Raf-MAPK pathway. These transduced cells demonstrated decreased activation of the activator protein 1 (AP-1) pathway and MMP expression but not diminished invasiveness in the SCID model (35, 36) . On the other hand, over-expression of IL-10 and IL-1Ra suppress invasion (37, 38) . Only 40% of FLS express the tumor suppressor gene PTEN and expression in RA is mainly limited to the sublining regions, which could contribute to the invasive phenotype in SCID mice (12, 22) .
Transformed phenotype
RA synoviocytes are not truly transformed, although they possess characteristics of tumor cells. For instance, a number of oncogenes involved in cell cycle regulation or that act as transcription factors such as c-fos, ras, raf, myc and myb are expressed at high levels in RA FLS. Abnormal cell growth probably occurs in vivo as well as suggested by presence of oligoclonality in synoviocytes derived from the invading pannus. These data suggest that certain FLS gain a growth advantage and can expand in the intimal lining. Increased telomerase activity, another feature of transformed cells, can also be observed in fibroblast growth factor stimulated RA synoviocytes (6, 19) .
The mechanisms of permanently altered FLS function have also been explored. Some evidence implicates somatic mutations in key genes that regulate cell cycle, proliferation and apoptosis (27) . The best characterized mutations have been documented in the p53 tumor suppressor gene, which have been described by several groups (39, 40) . Inactivation of p53 by the human papilloma virus E6 protein in FLS also increases growth rate and suppresses apoptosis (41) . Perhaps more important, p53 inactivation in normal FLS recapitulates the rheumatoid invasive phenotype in the cartilage-SCID mouse implantation model (42) (Fig.  4) . Therefore, loss of p53 function can play a key role by permanently altering synoviocyte function.
Function and mechanisms of somatic mutations
Abnormalities of the p53 gene have been long been implicated in numerous neoplastic diseases. The RA mutations observed in cultured rheumatoid synovicytes and synovial tissue are identical to the ones previously identified in tumors and tend to occur in the DNA binding domain of the protein. Most of the abnormalities are transition mutations, which are characteristic of damage induced by reactive oxygen or nitrogen oxide. Their functional relevance was confirmed in cell transfection studies in which rheumatoid mutant p53 genes were expressed in wildtype cells. These abnormal genes behaved in a dominant negative fashion by blocking the function of the normal allele and increasing production of MMPs and other genes associated with RA (27) . Of interest, p53 deficiency increases disease severity and joint destruction in the collagen-induced arthritis model in mice but not in a passive model of arthritis that is independent of adaptive immunity. The effect in collageninduced arthritis is associated with suppressed synovial apoptosis and increased cytokine gene expression. The lack of effect in the passive model suggests that influence of p53 on adaptive immune responses rather than innate immunity is more important in some models of RA (43) (44) (45) .
Mutations in other genes have also been described in RA, probably because of the same mechanisms of oxidative damage. Abnormal ras genes, HPRT, and mutation in mitochondrial DNA have been described in RA (46) (47) (48) . However, no mutations have been described in the PTEN gene, and the prevalence of mutations in p53 is similar in erosion and non-erosion sites in RA (49) . Most recently a high rate of microsatellite instability was identified in RA and was much higher than in OA synovium (28) . This phenomenon has been associated in cancer with abnormalities of the DNA mismatch repair (MMR) mechanism. Western blot analysis of cultured FLS shows that the key repair enzymes are expressed by the cells constitutively, including human MutS homologue (hMSH) 2, 3, and 6. When FLS are stressed with a nitric oxide donor, the pattern of enzyme expression was altered, with increased hMSH3 and decreased hMSH6. This pattern of MSH expression was also observed in RA synovium (28, 50) . The high hMSH3 and low hMSH6 phenotype permits single base pair errors and protects against large deletions and insertions (51) , which is characteristic of mutations observed in RA tissue and synoviocytes. Therefore, oxidative stress can relax the DNA MMR system and contribute to the burden of mutations.
Overall, the aggressive behavior of FLS in RA is probably multifactorial. Imprinting due to chronic cytokine exposure probably contributes, and somatic mutations in key genes also play a role. It is important to understand that the mutations in FLS do not cause RA; rather, they are the result of a longstanding genotoxic environment. Once mutations occur, then they can potentially alter the natural history of disease due to increased synoviocyte MMP and IL-6 expression, decreased apoptosis, and increased invasive potential.
Cartilage destruction in RA
Cartilage and bone destruction are the hallmarks of rheumatoid arthritis. Osteoclasts are major effectors of bone destruction, but recent data suggests that FLS primarily responsible for cartilage damage. In situ hybridization studies confirm that the intimal lining, especially type B synoviocytes, are the source of MMPs in this process. The ability of FLS to erode cartilage is a multistep process that includes attachment to cartilage and synthesis of enzymes that degrade the ECM (6).
Adhesion molecules and cartilage damage
Adhesion molecules, especially integrins like 5/ 1, facilitate anchoring of RA fibroblasts to components in the cartilage ECM. They preferentially interact with fibronectin, collagen and cartilage oligomeric matrix proteins components. Integrins constitute an important family of transmembrane cell adhesion receptors and are composed of two heterodimeric glycoproteins. Several members of the 1 integrins are highly expressed by cultured FLS and they function as fibronectin receptors. Anti-1 integrin antibody partially inhibits attachment of RA FLS to bovine cartilage in vitro. Integrin engagement also modulates several intracellular signaling pathways relevant in RA, including mitogen-activated protein kinases (MAPKs) and Ras. Importantly, integrin engagement with fibronectin-derived peptides induces expression of MMPs, indicating that the matrix can regulate its own destruction (52) .
In addition to integrins, VCAM-1 and ICAM-1 are highly expressed and inducible in cultured FLS. These immunoglobu-lin supergene family members bind to 4/ 1 integrin and 2 integrins, respectively. 4/ 1 integrin also binds to the CS1 component of alternatively spliced fibronectin. While ICAM-1 expression and induction by cytokines has been described for many types of fibroblasts, constitutive VCAM-1 display is relatively unique to FLS. VCAM-1 has been implicated in the adherence of FLS to cartilage in the SCID mouse model, where it can mediate binding and potentiate MMP expression. VCAM-1 also serves to help mononuclear cells to cultured FLS in in vitro adhesion assays. Because neutrophils lack 4/ 1 integrin, they are able to pass through the intimal lining unimpeded by FLS that display VCAM-1 (53). Cadherin-11, the adhesion molecule responsible for synovial lining formation, is also relevant in cartilage destruction although the exact mechanism has not been elucidated. In vitro cadherin-11 expression facilitated synovicytes invasion into cartilage-like extra-cellular matrix (54) .
FLS from the intimal lining are considered major effectors of cartilage destruction in RA based on their ability to produce massive amounts of degradative enzymes. Among the different classes of proteinases released by the inflamed synovium, MMPs and cathepsins are especially important. These enzymes are constitutively expressed at high levels by early passage RA FLS and their production gradually declines to basal levels Cytokines like IL-1 and TNF rapidly increase their expression in vitro. Cultured FLS also constitutively express a family of proteins that specifically block MMP activity, called tissue inhibitors of metalloproteinases (TIMPs). Unlike MMPs their production is not induced by IL-1 or TNF but instead appears to be regulated by IL-6 and TGF . Cartilage destruction can occur when the balance of TIMPs and MMPs favor the latter. The cytokine network in RA favors high MMP:TIMP ratios as shown by in situ hybridization studies on intact synovium.
Matrix metalloproteinases
MMPs are structurally and functionally related enzymes and subdivided into five groups depending on their matrix protein substrates. Collagenases (MMP-1, MMP-13) and stromelysins (MMP-3) are especially important in RA. Their synthesis and activation is induced by various factors including pro-inflammatory cytokines, growth factors, matrix proteins like fibronectin, Toll-like receptor (TLR) ligands, and reactive oxygen species. Exposure to IL-1 and TNF rapidly induces MMP gene expression in cultured FLS. The T cell cytokine IL-17 also can contribute directly or indirectly by synergizing with IL-1 and TNF to increase MMP production (55) .
MMP gene expression in FLS is mainly regulated at the transcriptional level. The key promoter element that controls expression of most MMPs binds to activator protein-1 (AP-1). AP-1 is a family of transcription factors, composed of structurally and functionally related members of the Jun proteins (c-Jun, Jun B, Jun D) and Fos (c-fos, Fos B, Fra1, Fra2). Additionally, some members of the ATF (ATF-1, ATF-2, and ATF-3) and JDP (JDP-1 and JDP-2) families share structural similarities and form heterodimeric complexes. AP-1 is highly expressed in the RA synovium, mainly in the intimal layer where MMPs are mainly synthesized, and DNA binding is significantly higher in RA compared with OA. Components to the AP-1 complex, c-Jun and c-Fos are also expressed both in the lining and sublining (20, 56) . Interference with AP-1 decoy oligonucleotides or using c-Fos/AP-1 inhibitors decreased severity of collagen-induced arthritis accompanied by decreased inflammatory cytokine and MMP synthesis, thus confirming the critical role of AP-1 in joint inflammation (57, 58) .
Stimulation of FLS with IL-1 or TNF in vitro increases MMP mRNA accumulation and this is associated with markedly higher AP-1 binding and transcriptional activity. The latter was demonstrated using promoter constructs that include AP-1 and a reporter gene like luciferase. c-Jun and c-Fos are the major components of AP-1 in the stimulated FLS that mediate this function. The promoters in MMP genes also contain NF-B-like binding sites. This transcription factor can also increase MMP production and is induced in cytokinestimulated FLS.
AP-1 activation includes several key steps: (i) phosphorylation, especially of c-Jun to increase transcriptional activity of the complex; (ii) migration of the complex to the nucleus where it binds to the promoter; and (iii) increased expression of components like c-Jun to increase AP-1 binding even further. Cytokine stimulation induces each of these steps, including marked increases in c-Jun and c-Fos expression in cultured FLS in parallel with increased MMP production. This serves as a positive feedback loop to further increase MMP expression over several days in cultured cells. Overexpression of JunD, however, has the opposite effect, suppressed MMP production perhaps competing with the Jun or Fos containing heterodimers (6).
Mitogen-activated protein (MAP) kinases, especially c-Jun N-terminal kinase (JNK), are responsible for phosphorylation and activation of c-Jun in the AP-1 complex after FLS are stimulated with cytokines, especially IL-1 (59) . Other MAP kinases, like p38 and extracellular regulating kinase (ERK) also can activate c-Jun and AP-1 in cultured FLS, although their contribution is less than JNK. The critical role of JNK was confirmed using small molecule inhibitors and JNK knockout synoviocytes where MMP3 expression is significantly decreased compared to control FLS (59) . The same small molecule inhibitor (SP600125) also decreases joint destruction in the rat adjuvant arthritis model and demonstrates the critical role of JNK in matrix degradation in vivo. Two upstream kinases in the MAP kinase cascade, MAPK kinase (MKK) 4 and MKK7 modulate JNK function in FLS. RNA interference studies show that only MKK7 is needed for IL-1, TNF, TLR2 and TLR4 ligand-mediated JNK activation and MMP expression in cultured RA FLS, however TLR3 requires both MKK4 and MKK7 (60, 61) .
TLR4 and TLR3 ligand stimulation also increase MMP production in FLS, although alternative signaling pathways that involve both JNK and the inhibitor of NF-B (IKK)-related kinase IKK are involved. After TLR3 stimulation by the synthetic ligand poly (I:C), IKK is activated and can then directly phosphorylate c-Jun in cultured FLS. The function appears to be independent of the interferon regulatory factors and could synergize with JNK by providing two parallel pathways for AP-1 activation (62, 63) . This also provides a novel link between antiviral responses, innate immunity, and destruction of the extracellular matrix in RA because TLR3 ligands have been identified in rheumatoid synovial effusions (64) .
MMPs can also be post-transcriptionally regulated in FLS through modulation of mRNA stability. This process is mediated by adenine/uridine-rich elements located in the 3 -UTR region and promote mRNA decay and can be suppressed by regulatory mechanisms. MMP-1, 3 and 9 mRNA expression can be increased through enhanced stability in response to IL-1, epidermal growth factor (EGF), phorbol ester, or LPS (65) . In addition, adenosine 2b receptor agonists destabilize RNA transcripts in FLS to suppress MMP gene expression after IL-1 stimulation. This process is mediated by increased cAMP in FLS and can be mimicked by cAMP mimetics or forskolin (66).
Other proteases: cathepsins and aggrecanases
Like MMPs, the cathepsins are proteases with broad specificity and are regulated by cytokines and proto-oncogenes. For instance, Ras, IL-1 and TNF induce cathepsin L expression in cultured FLS. Adenoviral delivery of ribozyme that specifically cleaves mRNA for either cathepsin L or K decreases FLS invasion and cartilage destruction in the SCID mouse model. Cathepsin K appears to be the main mediator of destruction in this model (35) .
Aggrecanases are key mediators of cartilage destruction and have been implicated in OA. Two aggrecanases (1 and 2, also called ADAMTS-4 and -5) remove glycosaminoglycans between Glu373 and Ala374 (compared with MMPs like stromelysin that cleave at Asn341 and Phe342). ADAMTS-5 deficiency ameliorates destruction in degenerative arthritis models in mice. While generally considered chondrocyte products, both aggrecanases are constitutively expressed by cultured FLS. While not regulated by traditional proinflammatory cytokines, ADAMTS-4 expression is induced by TGF . This growth factor is present in rheumatoid synovial effusions and synoviocytes in the intimal lining could contribute to the loss of proteoglycan in cartilage (67, 68) .
Synoviocyte apoptosis
Synovial lining hyperplasia can be due to alterations in several homeostatic mechanisms, including cell ingress, egress, proliferation, and death. As cell division is uncommon in the joint, deficient synoviocyte apoptosis could cause local FLS accumulation. Programmed cell death is tightly regulated by a complex regulatory network to maintain homeostasis. Every step in the apoptotic cascade is monitored and controlled by pro-and anti-survival signals. Pro-apoptotic factors counteract the inhibitory molecules when cell deletion is imperative. Several factors affect this balance in RA although the exact mechanism of the deficient apoptosis is not completely understood. Initial studies suggesting defective programmed cell death in the lining indicated that DNA damage was not accompanied by completed apoptosis. Subsequent experiments using in vitro culture FLS derived from RA synovium helped dissect the complex cellular interactions that participate in vivo.
Some of the key pathways are described in this section. As will be seen, information on the role of individual pathways has generated considerable date. However, a unifying hypothesis of how FLS apoptosis is regulated remains elusive. Instead, compendiums of stimulusspecific functions are reported in the literature.
Caspases
Caspases are a family of proteases that are main effectors of apoptosis and are activated by receptor-mediated and mitochondria-mediated pathways. Engagement of cell surface death receptors lead to death-inducing signaling complex (DISC) and include FADD, caspase 3 and 8, and cFLIP, which is a negative regulator of caspase 8. This mechanism functions well in FLS, and previous studies have shown that caspase activation accompanies Fas-mediated and p53 pathway-mediated cell death. The intrinsic mitochondrial pathway can be triggered also independently by various signals such as genotoxic stress and withdrawal from growth factors. Bcl-2 is a major regulator of this pathway that inhibits caspases and protects mitochondrial integrity (69, 70) .
Bcl-2 family
Bcl-2 is expressed in cultured RA FLS and is induced by TNF and IL-1, thereby protecting them from cell death in an inflammatory milieu. IL-15, a cytokine with pleiotropic effects on innate and adaptive immunity, increases Bcl-2 and Bcl-xL mRNA levels. IL-15 blockade increases apoptosis in FLS along with suppression of Bcl-2 expression (69,71). Mcl-1, an anti-apoptotic member of the Bcl-2 family is also induced in RA FLS after cytokine stimulation. Mcl-1 knockdown induces apoptosis through the expression of Bax, Bak, and Bim (72) . The role of Bcl-2 proteins in apoptosis after exposure to hypoxia was recently analyzed. One member of this family, the pro-apoptotic BNIP3 protein, is induced in RA FLS in response to a low oxygen environment. Its pro-apoptotic action was inhibited by TNF or IL-1 (18) . This provides an additional link between inflammation and resistance to apoptosis in RA.
Receptor-mediated apoptosis: Fas, TNF, TNF-related apoptosis-inducing factor (TRAIL), and others
Fas, one of the best characterized member of death domain containing receptors, is constitutive expressed by cultured FLS. Anti-Fas antibody leads to RA FLS apoptosis, albeit only in about 15-20% of cells. Engaging this pathway is associated with JNK activation in FLS, with a concomitant increase in AP-1 binding. Some data suggest that OA FLS are even less susceptible to Fas induced death than RA cells. This difference is associated with lower JNK activation in OA FLS. However, pre-incubation of OA synoviocytes with TNF increases JNK activation and sensitizes the cells to Fas-induced death, recapitulating the RA phenotype (73, 74) . When cultured RA FLS are exposed to recombinant LIGHT (another member of the TNF superfamily), Fas-mediated death is further reduced without affecting cell proliferation. LIGHT also increases MMP-9, IL-6 and ICAM-1 expression. Although the source of LIGHT in RA is not certain, its receptors HVEM and LT R are expressed in resting FLS (75) (76) .
TNF can elicit a death-inducing signal through its receptor TNF-R1 but this function is masked in FLS by the strong survival signal from accompanying NF-B activation. However, TNF can induce apoptosis in RA FLS when NF-B is inhibited. The mechanism is thought to be through activation of the PI3K/Akt pathway, because PI3K inhibition potentiates TNF-induced apoptosis. TNF can also interfere with Fas/Fas ligand-mediated apoptosis by increasing release of soluble Fas.
Attention has recently been focused on potential therapeutic benefits of TRAIL because is preferentially toxic to cancer cells and does not affect normal cells at therapeutic doses. TRAIL interacts with five different receptors: TRAIL-R1/DR4, R2/DR5, R3/DcR1, R4/ DcR2 and soluble osteoprotegrin. R1, R2 are main death mediating receptors while the others behave as decoy receptors. TRAIL or anti-DR5 antibody but not anti-DR4 induces apoptosis of a subset of RA FLS followed by proliferation of the survivors. This pleiotropic effect has been also described for other TNF superfamily members in cancer cells.
The molecular basis of TRAIL-triggered signaling pathway in RA FLS involves inhibiting PI3K/Akt signaling pathway. PI3K inhibition was associated with decreased expression of anti-apoptotic proteins Mcl-1, XIAP, and RIP and increased expression of the cell cycle inhibitor p21. Interestingly, caspase 8 is involved in TRAIL induced apoptosis and proliferation, as was demonstrated with siRNA knock down. Inhibition of apoptosis is not a prerequisite for TRAIL induced FLS proliferation. Caspases synergize with PI3K and/or MAPK mediated TRAIL-induced proliferation in RA FLS (77) (78) (79) (80) (81) .
Adhesion molecule and FLS survival
Signaling pathways initiated by adhesion molecules faciliate cartilage destruction and also modulate apoptosis in vitro. Focal adhesion kinase (FAK) is a key kinase that participates in integrin signaling is a major substrate for the caspases implicated in cell death. A potential role of FAK in apoptosis is supported by the observation that RA FLS grown on fibronectin are more resistant to Fas Ligand-induced apoptosis then cells grown on poly-lysine. This activity requires 5/ 1 integrin. The link between matrix degradation and the resistance of RA FLS to receptor-mediated apoptosis was further demonstrated by overexpression on tissue inhibitor of metalloproteinases TIMP3 in FLS. TIMP3 adenovirus gene transfer sensitizes RA FLS to Fas-induced apoptosis (12) .
Intracellular signaling and oncogenes in FLS
In addition to external signals, modulations of downstream pathways have also been studied in RA FLS. Pro-caspase 8/FLICE like inhibitory protein (FLIP) is one component of the death-inducing signaling complex and can interfere with pro-caspase 8. FLIP expression is induced by TNF and requires NF-B. Suppression of FLIP with siRNA sensitizes FLS to Fas-induced apoptosis (82) . Post-translational modification of signaling proteins also plays a role in FLS apoptosis. SUMO-1/sentrin 1 is a small ubiquitin-like protein that changes the protein conformation of the affected targets instead of marking cells for degradation. SUMO-1 mediated modification protects cells from Fas and TNF R1 induced apoptosis. It is highly expressed in RA FLS and appears to protect from cell death. Recently data suggests that SUMO-1 does not directly interact with the death domain, instead modifies the nuclear promyelocytic leukemia (PML) protein, which traps the pro-apoptotic molecules such as DAXX in PML nuclear bodies (21, 83) .
The relative paucity of apoptosis in RA also can be partially explained by the pattern of oncogene expression. Various studies have revealed high expression of immediate early genes in RA FLS, such as egr-1 and fos, as well as proto-oncogenes such as c-jun and cmyc. The high expression of Fos and Jun, which are involved in the formation of the AP-1 transcription factor, appears to be mediated through upstream oncogenes like ras, scr and raf. These oncogenes in turn activate MAP kinases and regulate expression of other proteins involved in apoptosis. Expression of tumor-suppressor genes like PTEN is also altered in RA. Only 40% of cultured FLS expressed PTEN, a phosphatase that is a negative regulator of PI3K/Akt, and its relative absence favors survival (22) .
p53-mediated cell death
Aside from the presence of somatic mutations in RA FLS that improve cell survival, p53 also has surprisingly limited ability to induce apoptosis when the wildtype protein is overexpressed. Instead of inducing cell death, p53 preferentially induces p21 in FLS and directs cells to cell cycle arrest. The mechanism for this survival versus apoptosis decision is based on the limited ability of p53 to induce its primary mediator of apoptosis in FLS, namely PUMA (p53 upregulated mediator of apoptosis). Expression of PUMA is surprisingly low in RA FLS. PUMA overexpression, however, leads to rapid death of the majority of FLS through caspase 3 activation (Fig. 5) . Therefore, gene transfer approaches to delete FLS should focus on PUMA or other p53 effectors rather than p53 itself (84, 85) .
Effect of FLS on survival of other cells
RA FLS also contribute to the accumulation of infiltrating T and B cells by regulating their apoptotic response through cell-cell interaction and/or soluble factors. For instance, T-cell resistance to apoptosis in vitro is prolonged in presence of cultured FLS. SDF-1 , the ligand of the chemokine receptor CXCR4, is produced by FLS and inhibits T-cell apoptosis through PI3K and MAPK pathways. In addition, RA FLS can function like follicular dendritic cells to support B-cell survival. B cells are protected from cell death when incubated with FLS through a mechanism that requires VCAM-1 and 4/ 1 integrin. Reduced apoptosis is associated with increased expression of apoptosis inhibitors like Bcl-X (L). The B-cell survival factor BAFF is also produced by FLS in RA after engagement of 5 and 1 integrins on the cell surface (69, (86) (87) (88) .
Synoviocytes as effectors of innate immunity
FLS are not just passive responders in the rheumatoid joint but also actively participate in synovial inflammation. They can contribute to initiation, propagation, and maintenance of chronic inflammation through cell-cell contact and through elaboration of soluble products. In response to environmental stimuli and interactions with various cell types in the inflamed synovium, FLS secrete a broad array of mediators: cytokines, chemokines, growth factors and several other proinflammatory molecules like prostaglandins and leukotrienes. The mechanisms of synovicyte activation are many, but include stimulation of Toll-like receptors (TLRs), exposure of cytokines and ligation of integrins by matrix molecules. TLRs are conserved pattern recognition molecules that recognize preserved structures of various pathogens and trigger an immediate inflammatory response, activate antigen-presenting cells and enhance adaptive immune response (89).
Toll-like receptors
FLS emerged as innate immunity effectors when several groups confirmed that they express TLRs and that ligation of these receptors increases expression of adhesion molecules, cytokines, and MMPs. For instance, RNA transcripts for TLRs 1 through 6 are expressed by cultured FLS but not TLRs 7, 8, 9, and 10. RA FLS express especially high levels of functional TLR2, TLR3, and TLR4 (90) (91) (92) . In addition to exogenous bacterial peptidoglycan, several endogenous ligands such as heat shock protein, fibrinogen, and hyaluronan are commonly found in inflamed joint and can potentially activate cells through TLR2 and 4 (93) . Double stranded RNA released from necrotic synovial fluid cells can activate RA FLS via TLR3. While TLRs are constitutively expressed, TLR2 expression can be increased by IL-1 and TNF (64) .
Three key TLR ligands, namely LPS, peptidoglycan and double stranded RNA (poly (I:C), readily induce production of proinflammatory cytokines like IL-6 and MMPs by cultured FLS. Surprisingly, TLR3 stimulation, which is normally associated with interferon responses, is the potent stimulator of IL-6, MMP1, and MMP3. TLR2 activation in response to bacterial peptidoglycan also induces VEGF as well as various chemokines like GRL-2, MCP-2, RANTES, IL-8, and GCP-2. Stimulation of cultured synoviocytes with the TLR3 ligand poly (I:C) increases production of type I IFNs, IL-6, and MMPs (63) . The TLR3 mechanisms are complex in FLS, but involve activation of the IKK-related kinase IKK and TBK1 (see below), which then activate the interferon regulatory factors (IRFs), especially IRF3 (61).
Interferon regulatory factors and the IKK-related kinases
The relevance of the IRF family in RA is only been recently recognized in the setting of TLR-mediated responses. IRF3 is constitutively expressed in both RA and OA synovium. The active, phosphorylated form is predominantly expressed in RA along with phosphorylated IKK (63, 64) . IRF3 serves as a substrate for two upstream kinases TANKbinding kinase 1 (TBK1) and IKK , which from a complex with NAK-associated protein 1 (NAP1). Upon phosphorylation by the IKK-related kinases (or JNK) and dimerization IRF3 translocates to the nucleus and in cooperation with other transcription factors like activating transcription factor 2 (ATF2)/c-Jun regulates type I IFN expression (Fig. 6 ).
In FLS, IKK inhibition partially decreases IRF phosphorylation and IFN expression, suggesting that this kinase has a dominant role in some culture conditions. Additional data show that TBK1 also regulates a distinct set of genes (Deepa Hammaker and Gary S Firestein, unpublished data). In cultured synoviocytes, the TLR3 ligands activate IRF3 and increase production of IFN and other genes in the interferon response repertoire. LPS also stimulates the pathway through TLR4, but to a lesser degree. Surprisingly, TNF increases IRF3 phosphorylation and IRF3-mediated gene expression in FLS, a function that appears to be unique in synoviocytes. TRL3 signaling in FLS also activates ATF2/c-Jun via JNK and IKK to increase MMP expression.
The pathways activated by TLRs intersect with other signaling cascades, including the MAP kinases. Peptidoglycan and LPS stimulation increase MMP expression through a JNKdependent mechanism. Of the two JNK kinases (MKK4 and MKK7), only MKK7 is required for this activity. In contrast, TLR3 ligation depends on both MKK4 and MKK7 for induction of IP-10, RANTES, and IFN . There is also cross talk with the MAPKs, especially JNK that expands the cluster of genes regulated by IRF3 (61, 63) .
Intracellular sensors of the innate immune system
Other pattern recognition receptors located in the cytoplasm rather than on the cell surface are involved in synoviocyte innate immune responses. These proteins belong to two major subfamilies: called NODs and NALPs. The NALPs form a structure called 'inflammasome' that responds to various danger signals like uric acid crystals or pathogen components with production of IL-1 by engaging caspase 1. Mutations in these proteins have been associated with various autoinflammatory disorders. Cryopyrin, a key member of the NALP family, is expressed in RA synovium and cultured FLS. Expression of cryopyrin in cultured FLS is highly inducible by TNF (94) . NOD2 recognizes muramyl dipeptide and peptidoglycan derived peptide from Gramnegative and Gram-positive bacteria. NODs have been implicated in inflammatory bowel disease and they are expressed on intestinal antigen presenting and epithelial cells. NOD-2 is also expressed in the RA synovium, predominantly at sites of cartilage invasion. In cultured FLS, NOD-2 is induced by poly (I:C), LPS or TNF. After NOD2 expression is increased, stimulation with its ligand muramyl dipeptide increases production of IL-6, IL-8, and MMPs. Although the role of these mechanisms in RA is not well defined, their ability to induce cytokines and chemokines suggests that they might contribute to the proinflammatory environment (95) .
Synoviocytes and cell recruitment
Recruitment and retention of inflammatory cells is another fundamental feature of synovitis. This process is coordinated by presence of chemoattractant proteins at the site of inflammation assisted by expression of adhesion molecules. Chemokines and other small chemoattractant molecules are abundant in the RA synovium and can be produced by macrophages and synovial fibroblasts in the intimal lining.
Chemokine production by synoviocytes
The chemokine system includes numerous chemoattractants and G-protein coupled receptors. Although there is redundancy in the system, the specific chemokine-chemokine receptor interaction can define the phenotype of the cells recruited to the site of inflammation. Regulation of chemokine synthesis in synoviocytes contributes to the cellular composition of the rheumatoid synovium. For instance, T cell that constitute about 30-50% of cells in RA synovium are most commonly CD4+ with Th1 phenotype (6) . This is, in part is related to highly expressed CXCR3 and CCR5 on T cell and presence of MIP-1 and RANTES in the synovium (both of which are produced by cultured synoviocytes). SDF-1 and CXCL16 produced by synovial fibroblasts also help retain CD4+ T memory T cells in the inflamed joint. CXCR4, the receptor specific for SDF-1 is mainly present on memory CD4+ T cells and expression is enhanced by inflammatory cytokine IL-15 (96-100).
Synoviocytes produce an array of chemokines that signal cells to migrate into the joint and can, in some cases, direct angiogenesis. IL-8 is a C-X-C chemokine originally characterized as a potent neutrophil attractant that also stimulates blood vessel growth. Cultured macrophages constitutively produce IL-8, but IL-1 and TNF markedly increase its production by cultured FLS. This, along with numerous other chemokines, including RANTES, IP-10, ENA-78, and MCP-1, MIP-1 , and MIP-1 are major monocyte/ macrophage recruiting proteins that are produced by FLS in response to IL-1 or TNF stimulation. Release of these chemoattractants contributes to the cell mix that is subsequently recruited to the inflamed joint (12) . Their biological relevance has been confirmed by in vitro studies using synovial fluid to induce cell migration. Antibodies to these and other chemokines neutralize much of this activity (101) . The chemokine fractalkine expressed on FLS can also activate CD4 + CD28 − memory T cells, which are expanded in RA blood and in the synovium. Fractalkine can also serve an autocrine function and stimulate synoviocyte chemotaxis (101) (102) (103) .
In addition to cytokine-mediated chemokine production, TLR stimulation increases chemokine expression by FLS. TLR2 and 4 signaling are mediated through the MyD88 pathway and activation of NF-B, which is especially important for IL-8 (104). However, other chemokines are largely driven by the interferon pathway. As noted above, the IKKrelated kinases and IRF3 can contribute to cytokine and MMP expression. Chemokine expression is also an important part of this repertoire. Thus, TLR3 ligands, which are potent inducers of 'anti-viral' responses, also provide signals to draw cells into the synovium such as production of IP-10 and RANTES (61, 63) .
While the chemokine system is an attractive target, specific agents that block their function, such as anti-MCP-1 antibody and small molecule inhibitors of the MCP-1 receptor (CCR2) or the MIP-1/RANTES receptor (CCR1) have been unsuccessful in RA. Thus, the role of these chemokines in the pathogenesis of disease remains uncertain. Alternative strategies, such as interfering with numerous chemokines by virtue of their intracellular signaling mechanisms (e.g. PI3 kinase ) might be a solution if the lack of efficacy is due to a high level of redundancy in the system (105) (106) (107) .
New blood vessel formation
Functions mediated by the chemokine system are not limited to cell trafficking. The distinct signaling pathways like PI3K/Akt coupled to G-protein coupled receptors are involved in cell proliferation, survival, and regulation of apoptosis. In addition, some of the chemokines present in the RA are also involved in synovial vasculogenesis and angiogenesis. Neovascularization is required to support the proliferating synovium. In conjunction with cytokines and various growth factors, chemokines contribute to both the angiogenic and angiostatic side of the balance. For instance VEGF, IL-8, and SDF-1 produced by FLS are inducers of angiogenesis while IP-10 inhibits neovascularization. Soluble VCAM, which is released by activated synoviocytes, also has pro-angiogenic properties. Therefore, the combination of increased blood vessel proliferation, greater adhesion molecule expression, and chemokine production serve to attract new cells to the inflamed joint (108).
Synoviocytes and cytokine networks
Characterization of the cytokine profile in RA and defining the contribution of cytokine networks to disease perpetuation were major breakthroughs in our understanding of disease pathogenesis. Detailed studies of the rheumatoid cytokine milieu shows that it is dominated by macrophage and fibroblast derived proinflammatory cytokines. Activated macrophages and fibroblast in the intimal layer interact with each other through secretion of mediators in a paracrine and autocrine fashion. This positive feedback loop leads to further activation of intimal lining cells, recruitment of new cells to the joint and increased production of inflammatory mediators. Cytokines like IFN produced by Th1 cells in the joint were identified in synovial effusions albeit at low concentration compared with TNF, IL-1, IL-6 and others derived from macrophages and synoviocytes. Cytokines were initially proposed as self-perpetuating feedback loops independent of the T cell. Later, this model was updated as the role of T cells re-emerged as major regulator of the innate immune response. The recognition that IL-17 and Th17 cells can contribute to synovitis and the demonstration that abatacept (which inhibits T-cell co-stimulation) is effective in RA provides new evidence of the complexity of adaptive immune responses in this disease (2,109).
Synoviocyte-derived cytokines
Of the classical cytokines implicated in RA, most are derived from macrophages. However, FLS in the intimal lining are the primary source of IL-6 as shown by in situ hybridization and immunohistochemistry studies. Thus, the critical role of synoviocytes in the pathogenesis of disease is underscored by recent studies showing that IL-6 inhibition dramatically decreases signs and symptoms of RA. Cultured FLS spontaneously produce IL-6, and its production is markedly increased by IL-1 or TNF through an NF-B-dependent pathway. MAP kinases also contribute to IL-6 production by cytokine-activated FLS, mainly through post-transcriptional mechanisms. Other newly described cytokines implicated in RA, the IL-1 family members IL-18 and IL-33 and the novel cytokine IL-32, can also be produced by cytokine stimulated FLS (109).
Colony-stimulating factors in the joint also appear to be derived largely from FLS in RA. These growth factors were originally identified by virtue of their ability to increase lineage specific maturation of hematopoietic stem cells in the bone marrow. However, it is now clear that they play a key role in dendritic cell and macrophage activation. Granulocyte macrophage colony-stimulating factor (GM-CSF) and M-CSF are especially abundant in RA synovium and synovial effusions. In situ hybridization studies showed that they are produced mainly by intimal lining cells. Cultured FLS that have been activated by IL-1 or TNF markedly increase production of GM-CSF, which could contribute to the local expansion and activation of macrophages. GM-CSF, rather than IFN , is the primary macrophage activating factor in the rheumatoid joint and is responsible for induction of class II MHC on macrophage lineage cells (110) .
Cultured FLS also are a major source of type I interferons in RA synovium. The role of type I IFNs in this disease is dichotomous. On the one hand, the pathway is pro-inflammatory due to the release of chemokines and metalloproteinases in cultured synoviocytes. On the other hand, IFN itself is generally anti-inflammatory in models of arthritis. Clinical trials using IFN in RA did not demonstrate efficacy, but the dose was limited because of side effects (111) . An alternative strategy in animal models showed that IKK deficiency in combination with low dose 'replacement' IFN was as effective as high dose IFN in wildtype mice. The benefit of IFN was associated with increased IL-1Ra production in mice. Thus, dissecting the cytokine pathway in FLS led to the discovery that the pro-and anti-inflammatory effects of interferon could potentially be resolved with a combination therapy approach (112) .
FLS can also modulate the synovial cytokine profile through direct cell-cell contact. Cultured macrophages and fibroblasts produce abundant inflammatory mediators when are stimulated by fixed T cells or membrane derived from activated T cells. The exact cell surface proteins responsible for this mechanism are not known but integrins have been implicated. Pretreatment of FLS with IFN to induce MHC II expression confers the ability to stimulate T cells in the presence of superantigens. The activated lymphocytes can then produce cytokines that contribute to the pro-inflammatory milieu (113) .
Anti-inflammatory cytokines
Synoviocytes also have the capacity to produce anti-inflammatory cytokines and factors that can potentially suppress synovitis. As noted above, cultured FLS produce IFN especially after they are stimulated with TLR3 ligands. They also can serve as a source of TGF , which suppresses protease and pro-inflammatory cytokine production. IL-1Ra is a natural protein that competes with IL-1 for the IL-1 receptors. IL-1Ra has two splice forms: one is secreted and one remains intracellular. Cultured FLS express substantial amounts of IL-1Ra; however, it is predominantly the intracellular form. Therefore, it is unable to interfere with IL-1 in the synovial extracellular space, a phenomenon that is permissive for a more robust IL-1-mediated effect in RA (114) .
Microarray analysis of gene expression patterns
A global approach to cytokine and growth factor gene expression using microarray analysis identified two main subgroups of FLS grown out of synovial tissue based on their gene expression profiles. One group showed TGF /activin A-inducible gene signature characteristic of myofibroblasts, and the other reminiscent of insulin-like growth factor regulated genes. There was a correlation between the cytokine expression profile of the cultured cells and the level of synovial inflammation. FLS cell lines with the TGF / myofibroblast phenotype were mainly derived from synovial tissue with characterized as highly inflammatory while the other group originated from tissue with low inflammation (115) . These data strongly suggest that the phenotype of cells in the synovium can persist for prolonged periods of time in culture, reflect the cytokine network for individual patients, and can potentially predict clinical outcomes.
Signal transduction in synoviocytes
Targeted anti-cytokine therapies have a major impact on clinical symptoms of RA as well as destruction of the extracellular matrix. Nevertheless, there is still a significant unmet medical need because of the cost of these agents and the fact that many patients do not have a robust response. As an alternative to biologics that inhibit individual cytokines, understanding the mechanisms that regulate their production and function might be useful because they affect pathways in concert. Dissecting the signaling mechanisms that participate in this process has identified a cornucopia of targets important to synoviocyte function and the pathogenesis of RA. A variety of signaling molecules relevant to RA and synoviocyte biology have been discussed in the previous sections, such as IRFs and AP-1. Some additional key pathways implicated in the mechanisms of RA and can potentially serve as therapeutic targets are described below.
Mitogen-activated protein kinases
MAPKs are family of evolutionary conserved signaling molecules that control cellular functions from metabolism, proliferation, apoptosis, cell differentiation to various stress responses and immune function. They include a group of kinases that govern many aspects of host defense, including innate and adaptive immunity. Role of MAPKs has been explored extensively in RA because they participate in cellular responses to cytokines, TLR ligands and control expression of various genes relevant in chronic inflammation, including cytokines, chemokines, and MMPs.
There are three well-defined MAPK pathways: the extra-cellular signal-regulated kinase, the c-Jun N-terminal kinase (JNK), and the p38. The activation pathway of MAPKs is relatively conserved and involves several key steps. Following receptor activation at the membrane, members of the small GTPase of the family are recruited followed by interaction with MAPK kinase kinases (MAP3Ks), which leads to activation of the next tier of kinases, namely MAP2Ks (also called MKKs). The MAPKs themselves are then activated by the MKKs and complete the cascade by phosphorylating their substrates, such as c-Jun, ATF2, and many others. Signal propagation is accomplished by serial phosphorylation events and terminated by protein phosphatases that remove phosphates from the kinases. The individual kinase modules include the MAP3K, MKK, and MAPK along with regulatory proteins. Each MAPK has several unique and also overlapping functions. ERK has a predominant role in regulating mitotic responses and cell growth and differentiation while p38 and JNK are the main responders to various stress signals, including inflammation, heat, and genotoxic events (116) .
Because MAPKs regulate expression of inflammatory mediators like IL-1, TNF, IL-6, and MMPs, the concept that they play a pivotal role in RA pathogenesis is not surprising. ERK, JNK and p38 are constitutively expressed in RA and OA synovium but expression of the activated phosphorylated forms is much higher in RA. Similarly ERK, JNK and p38 are also constitutively expressed in cultured synoviocytes, although in low serum medium that mainly exist in the unphosphorylated state. After stimulation with TNF, other proinflammatory cytokines and TLR ligands, the dual phosphorylated kinases can be translocated to the nucleus and can alter gene transcription or mRNA stability (117, 118) . p38 MAPK has generated considerable interest as a potential therapeutic target because (119, 120) :
It is activated in the joints of patients with RA; p38 inhibitors are effective in animal models of arthritis; p38 blockade decreases cytokine production by cultured RA synovial tissue cells and cultured synoviocytes in vitro; and p38 blockade decreases in vivo cytokine responses in humans exposed to LPS. Despite these observations, numerous p38 inhibitors have been tested in RA and the benefits are modest (see below).
Upstream activators of p38, such as MKK3 and MKK6, are being explored as an alternative to p38. Cultured synoviocytes constitutively express MKK3 and MKK6, and both are phosphorylated in IL-1 and TNF stimulated synoviocytes (121) . Studies transfecting FLS with dominant negative MKK3 or MKK6 constructs show that MKK3 blockade has a greater suppressive effect on IL-6, IL-8, and MMP3 production (122) . The potential utility of MKK blockade in vivo is supported by studies in MKK3 −/− and MKK6 −/− mice, where passive K/BxN arthritis severity is suppressed if either kinase is deficient (121, 123) .
MKK3 and MKK6 are not redundant and regulate distinct genes. For instance, TNF and LPS induced expression of MIP1 and KC (IL-8 homolog) is MKK6 dependent. However, TNF-induced RANTES is more dependent on MKK3 (123) .
Each of the MAPKs exists as multiple isoforms. Among the three different JNK isoforms, JNK2 expression is the highest in cultured FLS. In vivo the other isoforms might be relevant because JNK2 deficient mice had only modest decreased cartilage destruction. More recently, studies in knockout mice show that deficiency of the JNK1 isoform decreases severity in some passive arthritis models. In contrast, lack of JNK1 has no effect in TNF transgenic mice (124) . Therefore, the relative importance of JNK1 and JNK2 in RA and in synoviocytes remains uncertain.
JNK is differentially regulated by its upstream kinases MKK4 and MKK7, both of which are activated in RA synovium depending on the stimulus (125) . Overall, MKK7 is responsible for most of the pro-inflammatory activities of JNK in FLS (60) . Of the MAP3Ks that regulate JNK, MEKK1, MEKK2, and TAK1 are the most abundant in RA synovium and RA synoviocytes. MEKK2 was initially identified as a major MAP3K regulating IL-1 stimulated JNK based on in vitro kinase assays and expression levels (126) . However, siRNA knock down unexpectedly showed that MEKK1, MEKK2, MEKK3 deficiency does not alter IL-1 induced JNK, p38 or ERK activation. The MAP3K TGF -activated kinase (TAK1) is the major regulator of IL-1 induced JNK activation in FLS (127) . TAK1 siRNA inhibits JNK, MKK4, MKK7 phosphorylation which leads to decreased AP-1 binding. As expected MMP3 expression was significantly decreased in TAK1 deficient cells in response to IL-1.
Endogenous MAPK inhibitors
Mechanisms contributing to sustained activation of MAPK in RA are less understood. There are several known negative regulators and regulatory mechanisms of unclear relevance to RA. In the recent years, a large family of dual-specificity phosphatases has been described as regulators of the MAPK. MKP-1, which is one of these phosphatases, is induced IL-1 and its expression is further enhanced in presence of glucocorticoids (128) . Another important negative regulator of the JNK pathway, Growth arrest and DNA-damage-inducible, beta protein (Gadd45 ), was recently characterized both in animal model of RA and in cultured synoviocytes. Gadd45 is a NF-B-inducible gene, but its expression is surprisingly low in RA synovium despite abundant NF-B levels. Similarly TNF and IL-1 stimulation, which activate the NF-B pathway, only induces a modest transient expression of Gadd45 cultured synoviocytes (129) .
These observations raised the possibility that deficient Gadd45 expression might contribute to persistent JNK activation in RA. Recent studies show that Gadd45 can bind to and inhibit MKK7 function and thereby prevents JNK phosphorylation. As MKK7 is the most important upstream kinase in the JNK pathway, its relative absence could have significant deleterious effects. To test this hypothesis, cultured FLS were transfected with the Gadd45 cDNA, which then suppressed JNK/AP-1 regulated MMP production in MKK7 dependent manner. In vivo studies in Gadd45 knockout mice confirmed that the lack of this regulatory gene increased arthritis severity in the passive K/BxN model and increased JNK-dependent joint destruction. These data suggest that increased JNK activation in RA synovium could be due to insufficient Gadd45 induction in synoviocytes.
Nuclear factor B
The transcription factor NF-B is ubiquitously expressed and is involved in inflammation, cell survival, proliferation and differentiation. It plays a central role in inflammation by regulating expression of several proinflammatory gene clusters, such as cytokines, chemokines, adhesion molecules, prostaglandin synthases, and nitric oxide synthases. Increased NF-B activity has been linked to many chronic inflammatory disorders including RA.
NF-B is a family of five proteins: RelA (p65), RelB, c-REl, p50/p105, and p52/p100 that form homo or heterodimers. They normally reside as a cytoplasmic complex with I B, which masks the nuclear localization sequence, thus inhibiting its entry into the nucleus. Phosphorylation of I B is an important step in NF-B activation and is mediated by two kinases IKK and IKK . Phosphorylated I B is marked by ubiquitination for proteosome degradation. This process releases NF-B dimers allowing migration to the nucleus where they bind to the promoter regions of the target genes. These molecular events are referred to as 'classical' or 'canonical' NF-B pathway. The IKK complex represents the convergence point for the signals that are transmitted in response to different cellular stimuli, such as proinflammatory cytokines and TLR agonists (130, 131) .
NF-B activation is observed in RA synovium and immunohistochemical analysis shows expression of p50 and p65 in the synovial intimal lining cells. Electromobility shift assays demonstrate that NF-B binding is significantly higher in RA synovium compared with osteoarthritis. Nuclear translocation of NF-B occurs rapidly in cultured FLS after IL-1 or TNF stimulation through activation of IKK signaling complex and leads to consequent induction of genes like IL-6, IL-8, ICAM-1, and MMPs.
IKK and IKK are constitutively expressed in synoviocytes and their kinase activity is increased over 10-fold within minutes of cytokine exposure (132) . IKK is the primary signaling molecule under these circumstances, as small molecule inhibitors and dominant negative IKK constructs block the activation of NF-B and synoviocyte production of proinflammatory cytokines, MMPs, and adhesion molecules. The p50 and p65 subunits of NFkB are the most relevant to synoviocytes. siRNA knockdown of p65 in particular suppresses production of pro-inflammatory cytokines and combined knockdown of both is even more effective (131).
IKK is also required for TLR4-induced cytokine production by synoviocytes and provides an important survival signal that suppresses apoptosis. In vitro and in vivo studies suggest that synoviocyte death is decreased when NF-B activation is suppressed, such as with decoy oligonucleotides that interfere with its ability to bind to gene promoter sites.
Proteosome inhibitors that interfere with I B degradation or gene therapy with NF-B inhibitors like the I B super-repressor or XIAP (X-linked inhibitor of apoptosis) also decrease programmed cell death in cultured synoviocytes (130) .
Animal models of RA also support the role of NF-B in synovial inflammation. Increased NF-B binding occurs very early in the course of collagen-induced arthritis in mice and adjuvant arthritis in rats. IKK emerged as an attractive target based on its ability to regulate proinflammatory cytokine production in several cell types. Proof of its pivotal role was demonstrated in adjuvant arthritis where gene therapy using a dominant negative IKK construct suppressed (133) inflammatory joint disease. Additionally, small molecule IKK inhibitors are effective in animal models of RA. The beneficial effects in vivo are probably complex and include effects on synoviocytes, lymphocytes, and macrophages (134, 135) .
Progress targeting signaling molecules in RA
As previously noted, p38 MAPK fulfills many characteristics of an ideal target for treatment of RA. It regulates the production of inflammatory mediators not only in FLS but also in immune cells in response to cytokines, TLR ligands, and stress. Over 20 p38 inhibitors that demonstrated efficacy in animal models have entered clinical trials over the last few years. Early generation compounds like BIRB-794 and SCIO-469 had, at best, limited clinical benefit in RA and were associated with significant toxicity. Recently, new generation, more selective p38 inhibitors like VX-702 and pamapimod were tested in phase II clinical trials. The results of these studies are similarly disappointing, demonstrating only transient reduction of inflammatory markers and minimal clinical efficacy (136) (137) (138) . ARRY-162, a MAPK inhibitor that blocks the upstream kinases that regulate ERK, also did not improve signs and symptoms in RA.
Despite these initial failures, targeting other signaling pathways, such as Janus kinases (JAK) and spleen tyrosine kinase (Syk), has been more promising (139, 140) . The JAK kinases (Jak1, Jak2, Jak3, and Tyk2) are utilized by several cytokines and growth factors relevant to RA pathogenesis. Syk is a key regulator of immune receptor signaling in macrophages, neutrophils, B cells, and mast cells, but is also implicated in synoviocytes regulation of IL-6 and MMPs (141) .
A JAK inhibitor (CP-690 550) that inhibits multiple JAK isoforms demonstrated efficacy in a phase II study when used in combination with methotrexate (140) . Of interest, this response was achieved in patients who already failed other TNF blockers. Fostaminib, a Syk inhibitor, also improves signs and symptoms in patients with RA (139) . Recent data suggest that this compound might not be effective in TNF failures, suggesting that its mechanism might be related to TNF production or signaling. For each of these compounds, efficacy was relatively rapid (weeks rather than months) and approached the level observed with biologics. The key questions relate to safety, as these pathways play a major role in host defense and homeostasis. Additional studies will be needed to assess safety.
Conclusion
Over five decades of research have shown that the pathogenesis of RA is enormously complex. Variable clinical responses to targeted therapies, such as TNF blockers, T-cell costimulation inhibitors, and B-cell depletors, demonstrate that the disease is heterogeneous and probably lacks a single mechanism that applies to all patients. Fibroblast-like synoviocytes in the synovial intimal lining undoubtedly contribute to the disease, and recent data using cadherin-11 deficient mice confirm their role in cartilage destruction and synovial inflammation. Therefore, attempts to target this interesting and unique cell type could potentially complement current therapies. The contribution of synoviocytes to RA is especially interesting because their sojourn through rheumatoid joint confers a unique aggressive phenotype that can perpetuate disease and increase joint destruction. The mechanisms are still uncertain, but imprinting due to chronic cytokine exposure, aberrant signaling, and somatic mutations might participate. Understanding this facet of RA will not only help identify novel therapeutic targets but also understand the pathogenesis of a disease that remains a major unmet medical need. Cultured FLS were cultured in an artificial matrix and cultured for 3 weeks. The threedimensional structure was fixed with 2% paraformaldehyde, embedded in paraffin and sections were stained with hematoxylin and eosin. FLS migrated to the surface of the matrix to establish a lining layer at the matrix-liquid interface (A). Immunohistochemistry was performed with cadherin-11 specific antibody and isotype control (B). Cadherin-11 specific staining was localized in the lining layer. From Reference (31). 
